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n the second s t a g e  of combustion t h e r e  are changes on the  pa r t i c l e  
a r i a t i o n s  due to pee l ing  of the oxide  f i l m  and exposure of t he  
urn surface.  S o l i d i f i c a t i o n  of the par t ic le ,  which is magnesium 
served a t  the  measured t enpe ra tu re  of 3125 K f. 5.7%. Th i s  
co r re l a t ion  with o p t i c a l  dens i ty  v a r i a t i o n  and expla ined  by 
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ABSTRACT 
This paper presents  a summary of the experimental  r e s u l t s  and s t u d i e s  of- 
magnesium combustion i n  steam. The major s u b j e c t  of these s t u d i e s  w a s  t o  
measure the temperature of magnesiuu particles a f t e r  the particles had been 
e j e c t e d  from an exploding wire. The d i s t r i b u t i o n  of par t ic le  temperature 
along the track was measured by the two-color photo-pyrometry method (TC-PPH) a 
I n  t h i s  method, absolu te  emiss iv i ty  and v e l o c i t y  of the particles are not 
needed due to d i f f e r e n t i a l  measurements of r a d i a t i o n  energy by dens i ty  of f i l m  
exposed t o  the event. 
p a r t i c l e s  require the  knowledge of emis s iv i ty  and v e l o c i t y  c o r r e c t i o n  d a t a .  A 
A l l  the  o ther  e x i s t i n g  methods f o r  moving burning 
scanning microdensitometer served as a major d a t a  r educ t ion  tool  i n  analyzing 
t h e  f i l m  densi ty  due to the particle t racks  as recorded on c a l i b r a t e d  f i l m .  
The TC-PPM was ca l ib ra t ed  using a s tandard  lamp pr ior  to par t ic le  t e m p e r a t u r e  
measurements. 
The i n i t i a l  temperature of the p a r t i c l e  e j e c t i o n  from the  plasma and 'at 
the  beginning of combustion is 3430 K +- 9.1%. 
combustion, the particle cons i s t s  of pure magnesium with s p e c t r a l  emis s iv i ty  
of about 0.25. 
A t  t h e  i n i t i a l  phase of 
During the  combustion process, magnesium oxide is formed 
l o c a l l y  on the p a r t i c l e  sur face .  The oxide is i n  l i q u i d  s ta te  with e m i s s i v i t y  
of 0,9. 
s u r f a c e  i n  c o r r e l a t i o n  with o p t i c a l  dens i ty  v a r i a t i o n  and explained by 
I n  the second s t age  of combustion there  are changes on the p a r t i c l e  
ee l ing  of the  oxide f i l m  and exposure of the  
i c a t i o n  of t h e  p a r t i c l e ,  which is magnesium 
sured  temperature  of 3125 K 2 5.7%. This 
the  change of magnesia 
The s p e a r p o i n t  effect ,  which is known i n  the l i t e ra ture  
Effec t ,  was observed a t  the end of the p a r t i c l e  track. The 
as the  Blick 
p a r t i c l e  
supercools below the normal f r e e z i n g  p o i n t  and then suddenly c r y s t a l l i z e s .  
The measured tempera ture  a t  the  c r y s t a l l i z a t i o n  po in t  is 2840 R k 5 . 7 % .  
v i i  
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I. INTRODUCTION 
The energy r e l e a s e d  by metals burning i n  steam has s e v e r a l  imp0 
app l i ca t ions  inc lud ing  torpedo propuls ion ,  nuc lear  r eac to r  s a f e t y  underwa 
veh ic l e s ,  underwater ordnance,  etc.  This r e p o r t  cont inues t h e  s t u d i e s  t h a t  
were performed by Hal lenbeck [ 11, Berger et .  al., [ 21 and Kol et. al., [ 3 ]  
a t  the Naval Pos tgraduate  School which are r e l a t e d  to  the i n v e s t i g a t i o n  of 
underwater shaped charges .  Only a few ar t ic les  dea l ing  with combustion o 
magnesium i n  steam have been publ ished;  however, none of them were deal ing  
with temperature of magnesium p a r t i c l e s  burning i n  steam. The model fo r  
magnesium burning i n  Ar-02 mixture  t h a t  was proposed by Bruzustowski and 
Glassman [ 4 ]  and [ 5 ]  assumed the  fol lowing c h a r a c t e r i s t i c s  f o r  magnesium 
combus t ion : 
( a )  A t  the h i g h e s t  range of burning rates, the  flame te 
f i x e d  at the b o i l i n g  p o i n t  of t h e  ox ide ,  and the s t a t e  of t h e  oxide 
produced w i l l  be v a r i a b l e  w i t h  some oxide always i n  the condensed state. 
the 
( b )  The d i f f u s i o n  of oxygen toward the flame zone is a f f e c t e d  by the 
condensed products  of combustion which cannot d i f f u s e  and must be 
convected wi th  the  bulk gas motion. 
(c)  The e x i s t e n c e  of condensed s p e c i e s  i n  t 
temperature l e v e l  makes t h e r m a l  r a d i a t i o n  im 
hea t  feedback from the flame to t h e  evaporat  
h e a t  l o s s  from the  f lame to the  surroundings.  
(d) The evapora t ion  of metal from the s u r f a c e  may not be 
comparison w i t h  t h e  d i f f u s i o n  processes  occur r in  
The degree of d i s s o c i a t i o n  of the products  
balance between h e a t  r e l e a s e d  by chemical r 
r ad ia t ion  and conduct ion.  For both  metal and hydrocarbons 
1 
d i f fus ion  of oxygen is hindered by t h e  outward d i f f u s i o n  of gaseous products .  
Grosse and Conway 163 found t h a t  t he  upper l i m i t  of t h e  burn ing  tempera ture  of 
magnesium i n  oxygen was 3350 K. 
was made i n  l41 and I510 
This  resul t  matches the assumption "a" t h a t  
Plorko e t .  al., [71 measured the spectrum of magnesium p a r t i c l e  burning i n  
a i r  and the temperature d i s t r i b u t i o n  along the d i s t a n c e  from the particle 
center .  The temperatures were obta ined  by using d i f f e r e n t  techniques  as 
follows : 
(a) The su r face  tempera ture  of the  p a r t i c l e  was 1400 K measured by using 
d i r e c t  thermocouple method. 
( b )  The maximum i n t e n s i t y  of cont inuous  spectrum temperature  w a s  2600 t: 
200 K a t  d i s t a n c e  of 2r, (ro is the  p a r t i c l e  r a d i u s ) .  
(c )  The maximum burning tempera ture  of 2950 i: 200 K was o b t a i n e d  a t  the 
d i s t ance  of 3r0 us ing  the  relative d i s t r i b u t i o n  of the  popu la t ion  of the 
v i b r a t i o n a l  levels of the  excited e l e c t r o n i c  s ta te  assuming Boltznann 
d i s  t r ibu t i on .  
A l l  of the above experiments  w e r e  conducted i n  d i f f e r e n t  cond i t ions  compared 
t o  experiments repor ted  h e r e i n .  Therefore  one may expect d i f f e r e n c e s  i n  the 
experimental  r e s u l t s .  I n  t h i s  report are summarized exper imenta l  s t u d i e s  of 
- 
11. FILM DENSITY VERSUS TEMPERATURE - THEORETICAL MIDEL 
The exposure of the f i l m ,  H , ergs/cm2 , due t o  radiation from a 
burning p a r t i c l e  was de r ived  i n  Berger e t .  al., [Z] as follows: 
TfAA&Wbb K D 
H =  4f2 v( t )  ( 1 )  
where Tf - Transmiss iv i ty  of the f i l t e r s  = 0.57 @ 649 run and 
0.58 @ 482 m 
A A  - Bandwidth of the f i l t e r s  = 11.4 m @ 649 m and 
7 . 1  nm @ 482 nm 
& - h i s s i v i t y  of t h e  p a r t i c l e  (see e q u a t i o n  ( 2 ) )  
erg 1 Wbb - Black body r a d i a n t  ex i tance  [ 
m2s $l 
D - Diameter of the p a r t i c l e  = 385 p 
f - f-number of the camera (see Table  I )  
V( t )  - V e l o c i t y  of the p a r t i c l e *  [ m J s ]  
* For the  above model i n i t i a l  v e l o c i t y  of 24 m / s  was used. 
During the combustion p rocess ,  a l i q u i d  oxide f i l m  is g r a d u a l l y  formed 
around the pure magnesium; acco rd ing ly  the re  is a con t inuous  v a r i a t i o n  of 
particle e m i s s i v i t y  from pure  l i q u i d  magnesium e m i s s i v i t y  ( k) to 
emiss iv i ty  (COX) . 
d oxide 
An e m i s s i v i t y  v a r i a t i o n  is approximated by l i n e a r  
i n t e r p o l a t i o n  as fol lows : 
) I  &OX - % (TO - T E ~ ( T )  = Em[l + 
En TO - TB 
whe re COX - 
ElIl - 
&P - 
T -  
To - 
TB - 
llagnesium e m i s s i v i t y  ( l i q u i d )  = 0.25 rd T G Tg and 
T > TB 
Magnesium e m i s s i v i t y  ( l i q u i d )  = 0.2 
I n t e r p o l a t e d  p a r t i c l e  e m i s s i v i t  
Par t ic le  temperature  during 
I n i t i a l  p a r t i c l e  temperature (3350 
Temperature a t  burnout (3075 K) 
3 
According t o  Buber e t .  al. , [ 8 ] ,  the e m i s s i v i t y  of l i q u i d  magnesia 
above temperature of 3075 K is 0.9. 
t he  emiss iv i ty  of l i q u i d  magnesium is 0.2. 
According t o  Touloukian and D e W i t t  [9 l  3 -  - - 
F i l m  o p t i c a l  dens i ty  at 11 = 649 nm can be c a l c u l a t e d  by t h e  fo l lowing  
expression:  
D 1  KlloglOHl - KlloglOHmin + Do ( 3 3  
where K 1  - Slope of loglOH curve a t  649 nm 
Hmin - Minimum exposure energy a t  gross  fog 
Do - Density f o r  g ross  fog of t h e  f i l m  
H i  - F i l m  exposure energy from Equat ion (1) a t  649 run 
Accordingly, f i l m  o p t i c a l  dens i ty  a t  A2 = 482 nm is  g iven  by: 
- F i l m .  exposure energy from Equation (1) a t  
482 nm 
cord ing  f i l m  2475 
I ) ,  Figure 1 was o b t a i n e d -  
ca l  d e n s i t y  v e r s u s  
s from 7 t o  12 d e s c r i b e  fi 
ear inc rease  of a p a r t i c l e  
b s e r v a t i o n  is t h a t  t h e  
200 K. The d e n s i t y  w i l l  
g temperature  of magnesia)  
d i f  i c a t i o n  of magnesia. 
( 4 3  
. lm 
* 
- -- WITHOUT EMlSSlVlfV VARIATION ----- WITH EMlSSlVlTY VARIATION 
PARTICLE DATA 
D= 385pnr 
Vo = 24 m/s 
"m=02 
0.2 @ T 5 3075K 
! 
111 EXPERIMENTAL 
The experiments were conducted i n  p re s su re  v e s s e l  which c o n s i s t e d  of a 
twelve inch  h igh  s t a i n l e s s  s teel  cy l inde r ,  10.75 inches  d iameter  wi th  four  
evenly spaced, 5 i n c h  diameter observa t ion  p o r t s  welded i n t o  its 
circumference. One inch  thick,  Schl ie ren  q u a l i t y ,  B o r o s i c a l a t e  crown g l a s s  
(BK-7) was i n s t a l l e d  in  each port. Two Watlow Band Heaters were used to h e a t  
the apparatus to ope ra t ing  temperature and four  a d d i t i o n a l  Watlow Heaters were 
mounted on o b s e r v a t i o n  por t s  in order  to  p reven t  steam condensa t ion  dur ing  
experinents .  An Omega model 157 Dig i t a l  C o n t r o l l e r  w a s  used f o r  tempera ture  
s t a b i l i z a t i o n .  The experiments were conducted i n  p re s su re  range of 19 t o  32 
p s i  and steam tempera ture  of 180'C. Thermocouples were mounted i n  d i f f e r e n t  
l oca t ions  i n s i d e  t h e  chamber to measure the i n t e r n a l  temperature .  
The magnesium p a r t i c l e s  were generated by t h e  exploding w i r e  technique.  
The 5 cm l e n g t h  wire was mounted between two holders  and t h e  i g n i t i o n  ene rgy  
t r ans fe red  t o  the w i r e  was about 90 Joule .  The d i r e c t  energy measurements 
d the c a l i b r a t e d  s t c u r r e n t  measurement and d i r e c t  v o l t a g e  
measurements across the wire. 
c o l o r  pho to-pyrorne t r y  method 
ics Microdens i tome t e r  
dens i ty  measurements. Two s t i l l  
(482 nm, 649 nm) photography of 
l i b r a t e d  f o r  a d e t a i l e d  graph of 
diameter  magnesium w i r e  w i t h  
. Using the TC-PPM method one  
nm . 
1 1 c (-- - -) 2 A, A. 
I L 
The camera s e t t i n g  and t e s t ing  conditions for the s t u d i e s  of magnesium 
rtlcles burning i n  steam are shown in  Table  1. 
Table 1. Camera Setting and Test ing  Conditions for iiagnesium Burning 1 
Steam 




EZ 2. Exploding magnesium wire photographed with blue filter at 482 nm. 
ding magnesium wire photographed with red at 649 m. 
11 
t change i n  measured tempera ture  occurs 
is shown in  F igure  5. . _  
20,  the  tempera ture  c a l c u l a t i o n  was not 
482 nm. F u r t h e r  discussion 
w n  i n  Figure 4 and 
According to t h e  f i l m  d e n s i t y  
e 4 ,  one can  d i s t i n g u i s h  three 
r normalized d i s t a n c e  less than about  120 is  
(b lue )  g r e a t e r  or equal  to  D1 ( r e d ) .  The second 
region, f o r  normalized d i s t ance  from 120 t o  210 (approximate ly)  is 
Measured f i l m  d e n s i t y  as a f u n c t i o n  of n o r m a l i z e d  d i s t a n c e  a long  a 
t y p i c a l  p a r t i c l e  t r a c k .  
13 

3.  The s p e c t r o s c o p i c  s t u d i e s  t h a t  were performed by Brzustowski and 
Glassman [5 ]  showed t h a t  when magnesium r ibbons a re  burning i n  an- 
ambient gas c o n s i s t i n g  of 40% oxygen and 60% argon a t  a pressure  
of 300 m Hg, t h e  r e a c t i o n  emits Mg* and FlgO* s p e c t r a l  l i n e s ,  The 
most r e l e v a n t  l i n e s  are t h e  exc i t ed  MgO peak l i n e s  from 491 to 
501 nm. Other s t r o n g  l i n e s  were the  green l i n e s  of Mg* (-517 nm). 
e p o s s i b i l i t y  of emission from o t h e r  va r ious  components is 
ummarized us ing  1111, [12]  and [13] i n  Table 2. A s  is shown 
h e r e  is no ev idence  of o t h e r  s p e c t r a l  l ines  such as of €@OH and 
. 
o r d e r  t o  i n v e s t i g a t e  the  source  of the blue emission a 
l a s m a  t h e r e  were performed experiments of i g n i t i n g  magnesiu 
res i n  two d i f f e r e n t  p re s su res  of air: 0.25 
5 nun c o l o r  photographs showed t h a t  i n  t h e  high 
the  blue cloud was about  the same s i z e  as i n  s t  
he d i f f e r e n c e  of p re s su res .  
he blue "cloud" was s i g n i f i c a n t l y  smaller, bu t  t he re  was an 
I n  the  lower pressure  atmosphere, 
i n t e r f a c e  of green  r a d i a t i o n  between the white  plasma and the  blue 
( s m a l l e r )  "cloud". The behavior  of i g n i t e d  magnesium wires is 
shown 
( s e e  
i n  




around t h e  p lasma i n  t h e  low pressure  a i r .  
The green r a d i a t i o n  i n d i c a t e s  magnesium vapor 
1s 

T a b l e  2.  Spectral Lines of blg, 0 ,  H, H2, MgH and MgO from 470 nm t o  490 m. 
_ _  
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CL - Diameter of t h e  b l u e  "c loud"  i n  a i r  a t  l o w  p r e s s u r e  
CH - Diameter of t h e  b l u e  "c loud"  i n  a i r  a t  high p r e s s u r e  
cs - Diameter of t h e  b l u e  "c loud"  i n  steam a t  h i g h  p r e s s u r e  
Figure 8. Logical flow graph f o r  magnesium expe r imen t s  i n  steam ( 2 0  p s i )  and 
a i r  a t  two d i f f e r e n t  p r e s s u r e s  (0.25, 14 p s i ) .  
19 
t ies,  one can o b t a i n  
Second Region - Changes i n  Magnesium Particle Sur face  
This  region begins  a t  normalized d i s t a n c e  of 120 and ends a t  - .~ 
normalized d i s t a n c e  of 210 ( s e e  F igure  4 ) .  
of measured d e n s i t y  of the f i l m  as was photographed wi th  blue f i l t e r  
There is observed increase 
a t  482 nm and with red f i l t e r  a t  649 nm. The i n c r e a s e  of the density 
from normalized d i s t ance  of 120 to  150 could be r e l a t e d  to  an increase 
Of emiss iv i ty  due t o  success ive  covering of t h e  p a r t i c l e  by oxide. 
This behavior a l so  was obtained by t h e  t h e o r e t i c a l  s t u d i e s  as was 
descr ibed  in  Figure 1. 
p a r t i c l e  sur f  ace, and the re  is c o r r e l a t i o n  between these  changes and 
Photographs 2 and 3 show changes on the 
t h e  rapid changes i n  the measured d e n s i t i e s  of the f i l m  i n  Figure 4 .  
evyaga e the fol lowing exp lana t ion  to those 
changes: The drop le t  begins to l o s e  the oxide f i lm;  a zone of vapor 
about i t ;  and t h e  b r igh tness  of t he  r a d i a t i o n  from 
* reases. By c o r r e l a t i n g  t h i s  ox ide  p e e l i n g  to  
i l e  t h e  v a r i a t i o n  of the  temperature  is only 
he change i n  e m i s s i v i t y  by us ing  equat ion 
( 6 )  t h a t  was developed i n  [ 21 : 
Assuming t h a t  t h e  e m i s s i v i t y  a t  the  s t eady  state of magnesia a t  
temperature  above 3075 K is 0.9 (Buber e t .  al., [ 8 ] )  the  average 
change i n  e m i s s i v i t y  w i l l  be from 0.9 to 0.486 a t  482 nm and from 0.9 
t o  0.44 a t  649 nm. Those r e s u l t s  are comparable to  the  r e s u l t s  t ha t  
were publ ished by Touloukian and D e W i t t  [9] f o r  l i q u i d  magnesium 
( E m  = 0.2 - 0.25) cons ide r ing  the assumption t h a t  t h e  oxide pee l ing  is 
not  complete 
C .  Third Region - Near The Spearpoin t  
Along the  t r a c k ,  i n  normalized d i s t a n c e  g r e a t e r  than 210 the 
r a d i a t i o n  from the  p a r t i c l e  becomes less i n t e n s e ,  t hen  b r i g h t e n s ,  
g radua l ly  l o s e s  i n t e n s i t y  aga in  and then d isappears .  An exp lana t ion  
of this phenomena based on super  cool ing of the  molten ox ide  p a r t i c l e  
has been d i s c u s s e d  by Nelson e t .  d., 1151. According to  t h i s  
mechanism, when the burning is near  completion, the p a r t i c l e  
temperature  is below the normal f r eez ing  p o i n t ,  i ,e . ,  the p a r t i c l e  is 
i n  a supercooled cond i t ion .  Then t h e  p a r t i c l e  suddenly c r y s t a l l i z e s  
and inc reases  t o  a temperature  near  but below the  e q u i l i b r i u m  mel t ing  
temperature  wi th  an a b r u p t  i n c r e a s e  of thermal emission.  F i n a l l y ,  the 
p a r t i c l e  cools g r a d u a l l y  t o  ambient temperature.  
The a b r u p t  i n c r e a s e  of temperature  t o  2540 K rt 5.7% w a s  measured 
by TC-PPfl for  magnesium burning par t ic le  i n  steam. The amount of 
temperature i n c r e a s e ,  AT, can be c a l c u l a t e d  from heat of 
s o l i d i f i c a t i o n  as fo l lows:  
where AHf,  hea t  of s o l i d i f i c a t i o n ,  459 cal/gm, Cp, h e a t  c a p a c i t y  of 
magnesia a t  2500 K, 0.34 cal/gmK. 
21 
ated amount of temperature i n c r e a s e  and the measured amount 
rease of 1130 k 5.7% are comparable. 
i o n  by Using D i f f e r e n t  Fi l ters  
to e l imina te  the in f luence  of t he  r a d i a t i o n  i n  482 m, there 
nts i n  the fo l lowing  wavelengths : 
By using the f i r s t  set of filters i n  the experiments (‘fable 1) the  influence 
was  s t i l l  s i g n i f i c a n t .  By us ing  t h e  second set of 
f i l t e r s  in 0 t h  ments (Table  1) the re  were measured o p t i c a l  dens i t i e s  
. Calcu la t ed  
i n g  measured parameters 
nesium burn ing  i n  steam 
0 the  ElgO vapor temperature.  The t o t a l  e r r o r  f o r  
e t  of f i l t e r s  is 9.1% 
Figure 9. Measured 
function 
f i l m  d e n s i t y  i n  wavelength of 
of normalized distance along 
23 
649 nm and 599 nm as a 
the  p a r t i c l e  track. 




The temperature  measurement of magnesium p a r t i c l e s  burning i n  steam by . 
sing TC-PPM method can be summarized as fol lows:  The maximum temperature 
f the burning particles a long  the t r a c k  was about the b o i l i n g  temperature of 
,agnesia ( 3 3 5 0  K).  By observ ing  t h e  photgraphic  r e s u l t s  and the measured 
e n s i t i e s  of the  f i l m ,  one can  observe t h r e e  regions of d i f f e r e n t  behavior 
.long the par t ic le  t r a c k s  as fo l lows  : 
a. The F i r s t  Region 
A t  close range t o  the  p l a s m a  the  ca l cu la t ed  temperature based on 
exper imenta l ly  measured d e n s i t i e s  was about  the vapor temperature of 
magnesia ( 3 3 5 0  K).  The r a d i a t i o n  in t h i s  region is more in t ense  i n  
wavelerrgth ranges from 482 to  450 nm compared to  649 nm. T h i s  
phenomenon were found by comparing t h e  r e s u l t s  of measured o p t i c a l  
d e n s i t i e s  by us ing  d i f f e r e n t  f i l t e r s .  
b. The Second Region 
I n  t h i s  r eg ion  t h e  i n f l u e n c e  of the blue r a d i a t i o n  which w a s  measured 
a t  482 mu and 450 nm, is reduced and the cool ing  of t h e  p a r t i c l e  was 
observed. The temperature  decreased from 3430 K k 9.1% to  3125 K t 
5.7%, w h i l e  the temperature  is decreased by only small amount, the 
changes i n  r a d i a t i o n  (measured from d e n s i t y )  i n  t h i s  region a re  
r e l a t i v e l y  high; see Figure  4 .  The changes could be r e l a t e d  to  
e n i s s i v i t y  v a r i a t i o n s  due t o  pee l ing  of t h e  magnesia as  was Seen also 
i n  F igures  2 and 3. 
c. The Third Region 
T h i s  reg ion  is r e l a t e d  to  the  end of burning. The p a r t i c l e  
temperature  is 1990 K and is below t h e  normal f r e e z i n g  po in t  of 
magnesia (3075 K ) ,  i.e., t h e  magnesia is supercooled. Then suddenly 
25 
the magnes i a  crys t a l l i z e s  and re turns to near the equilibrium me1 ting 
temperature with abrupt increase of thermal emission that was measured 
as 2840 K t 5.7%; see Figure 5 .  
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Figure 11. lleasured f i l m  d e n s i t y  as a function of 
t h e  p a r t i c l e  t r a c k .  
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